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Introduction: 48
The global phylogeography of the human-adapted Mycobacterium tuberculosis complex (MTBC) 49 demonstrates highest diversity in West Africa, with six out of the seven known lineages 50 represented 1,2 . Two of these lineages, Lineage 5 (L5) and Lineage 6 (L6), together originally known 51
as Mycobacterium africanum (Maf), are restricted to West Africa for unknown reasons. By contrast, 52 MTBC lineages belonging to Mycobacterium tuberculosis sensu stricto (Mtbss), in particular 53 Lineage 4 (L4), are more geographically widespread 1 . M. africanum has remained an important 54 pathogen in West Africa since its first description in 1968 3 , and is responsible for up to half of 55 human tuberculosis (TB) in some regions 4 . 56
The MTBC is thought to have originally emerged in Africa and subsequently spread to other parts 57 of the world following waves of human migrations, trade and conquests [5] [6] [7] [8] 
. Yet the reason(s) why 58
Maf is limited to West Africa despite, for example, centuries of the trans-Atlantic slave trade 59 remains unknown. Some comparative studies have identified phenotypic differences between the 60 two Maf lineages 9,10 , suggesting they might be fundamentally distinct and occupy different 61 ecological niches. 62
Three hypotheses have been put forward to explain the restriction of Maf to West Africa. The first 63 hypothesis proposes that Maf might have emigrated outside of Africa but was later outcompeted by 64
Mtbss, which has been shown to be more virulent than Maf in animal models 11 . The second 65 hypothesis states that the restriction of Maf to West Africa is due to its adaptation to West African 66 human populations 9,12 . Finally, according to the third hypothesis, Maf might be zoonotic with an 67 animal reservoir restricted to West Africa. 68 Some evidence in support of the first hypothesis is the reported association of Maf (L6) with HIV 69 co-infection, attenuated ESAT-6 responses and delayed progression to active disease relative to 5 immune response in the "modern" MTBC lineages might allow for more rapid disease progression 74 and transmission 17 . The second hypothesis is supported by the statistical association of L5 with the 75 native West African ethnic group known as "Ewe" reported by two independent studies in 76
Ghana 9,12 . The third hypothesis is mainly supported by the phylogenetic placement of Maf (L6) 77 amidst the cluster of the animal-adapted members of the MTBC in the various phylogenies of the 78 MTBC 5,7,18 . 79
If the first hypothesis is true, the proportion of Maf associated TB in West Africa is expected to 80 decline over time. However, there are conflicting reports of the proportion of Maf associated TB in 81
West Africa. Even though the report of a steady decline of Maf associated TB in some settings 82 seems to support the first hypothesis [19] [20] [21] , other studies indicate that Maf remains an important cause 83 of TB in West-Africa 22-24 . In Ghana for instance, a recent study showed that the proportion of TB 84 due to Maf remained constant over the 8 year study period 25 . Even though, the reported statistical 85 association of L5 with ethnicity in Ghana suggests a possible co-evolutionary scenario in favour of 86 the second hypothesis, genetic evidence of co-evolution/co-adaptation remains to be demonstrated. 87
In the case of the third hypothesis, the environmental or zoonotic reservoir(s) need to be identified. 88
In this study, we used whole genome sequencing of Ghanaian Maf clinical strains to explore 89 genomic differences between the two Maf lineages that might support one or more of these 90 hypotheses. 91 92 93 Our data set comprised Maf isolates obtained from TB patients reporting to various hospitals in 96
Ghana. After excluding genomes that did not meet the criteria for mapping (Supplementary figure 97 S1), 253 Maf genomes (175 L5 and 78 L6) were used for the analysis. Patients' residential regions 98 are provided (Supplementary figure S2) . The upper right pie chart indicates those 97 patients (55 99 infected with L5 and 42 with L6) with no information on region of residence. We found the number 100 of fixed SNPs (SNPs found in more than 95% of genomes) in a genome compared to the MTBC 101 ancestor 26 to be significantly higher in L6 (1,037) compared to L5 (928) (Wilcoxon rank-sum test, p 102 < 0.0001) ( Fig 1A) . Moreover, despite the larger number of L5 genomes (more than twice the 103 number of L6 genomes) analyzed, the mean pairwise SNP distance between any two strains was 104 significantly higher in L6 (360) compared to L5 (223) (Wilcoxon rank-sum test, p < 0.0001; Fig  105   1B ). Finally, the whole genome average nucleotide diversity (π) for L6 (0.000110) was significantly 106 higher compared to L5 (0.00007) ( Fig 1C, non-overlapping 95% confidence interval (CI)). Taken 107 together, these findings show that L6 in Ghana is significantly more genetically diverse than L5 108 irrespective of sample size. The whole genome-based phylogenetic tree of the Ghanaian Maf strains 109 generated from 11,027 total polymorphic positions between the Maf strains and the MTBC ancestor 110 reference excluding repetitive and mobile genetic element rooted on M. canettii is shown in Figure  111 2. The Maf lineages were resolved as two distinct branches of the genome-based tree with possible 112 sub-groups (Fig 2) . 113 114 Genetic diversity of L6 is significantly higher than L5 among T cell epitopes and genes of 115 other functional categories. 116
We found that the higher diversity of L6 compared to L5 was reflected across all the 8 functional 117 categories of genes analyzed (Fig. 3 ). Whereas pairwise nucleotide diversity ( for L5 was below 118 0.0001 across all functional categories, the estimates for L6 were all above 0.0001. The most 119 prominent difference between L6 and L5 was within 1,226 experimentally confirmed human T cell 7 epitopes of MTBC which we downloaded from the Immune Epitope Database (IEDB) 27 , for which 121 the mean for L5 was 0.000063 compared to the 0.000149 estimated for L6, reflecting more than a 122 two-fold difference in diversity (non-overlapping 95% CI ). 123
Within L5, there was no difference between the estimated for the T cell epitopes and any of the 124 other functionally categorized genes. However, within L6, genes encoding regulatory proteins and 125 those involved with virulence, detoxification and adaptation were more diverse compared to those 126 for lipid metabolism as well as intermediate metabolism and respiration (non-overlapping 95% CI). 127
In addition, genes encoding regulatory proteins were more diverse compared to those involved with 128 lipid metabolism (non-overlapping 95% CI). 
Lineage-specific accumulation of mutations within human T cell epitopes. 150
When we compared the number of epitopes with amino acid mutations between lineages, we found 151 more epitopes mutated in L6 (57) compared to L5 (45), but no statistically significant difference 152 ( Fig 5) . In addition, we compared the number of nonsynonymous polymorphic sites between the 153 two Maf lineages within the human T cell epitopes ( Supplementary Fig S4) , and found that these 154 were more frequent in L6 (38) compared to L5 (28) but with no statistically significant difference 155 between L5 and L6. We compared the identity of the mutant human T cell epitopes between the two 156
Maf lineages ( Fig 6A) and found 72 epitopes that were uniquely mutated in L5 (among 174 157 genomes) compared to 54 epitopes in L6 (among 67 genomes). Only two epitopes (IEDB IDs 158 178644 and 178609) were mutated in both lineages. However, the mutations were at different loci 159 with different amino acid substitutions (A183G and G278D in L5 compared to A177V and D277N 160 in L6). In terms of T cell antigens, there were 28 uniquely mutated in L5 compared to 19 in L6 and 161 12 mutated in both lineages involving different epitopes within the respective antigens ( Fig 6B) . 162
The 12 T cell antigens mutated in both lineages are summarized in Table 1 . All T cell epitopes and 163 antigens with mutations among the two Maf lineages are listed in Supplementary table S5.  164 165
Conservation of human T cell epitopes of L5 is not affected by patient ethnicity. 166
We previously reported an association between L5 and Ewe patient ethnicity 9,12 . Hence to test if 167 conservation of T cell epitopes and/or the diversity of regulatory proteins in L5 was influenced by 168 patient ethnicity, we estimated pairwise dN/dS for sequences encoding T cell epitopes and 169 regulatory proteins of L5 genomes stratified by patient ethnicity (Fig 7) . The median dN/dS of T 170 cell epitopes were all below 1.0 irrespective of patient ethnicity ( Fig 7A) . However, the median 171 dN/dS of regulatory proteins were marginally above 1.0 among L5 from Ewe TB patients and 172 below 1.0 among L5 from non-Ewe TB patients ( Fig 7B) . There was no statistically significant difference between the estimated dN/dS of either the sequences encoding T cell epitopes ( Fig 7A) reported so far. We found that, 1) at the whole genome level, L6 had significantly more pairwise 183 nucleotide diversity, higher number of fixed SNPs as well as lower average pairwise SNPs relative 184 to L5, 2) L5 had overall more conserved human T cell epitopes compared to L6, 3) conservation of 185 T cell epitopes in L5 was not influenced by patient ethnicity, and 4) genes encoding regulatory 186 proteins of L5 had lower pairwise nucleotide diversity but a higher ratio of non-synonymous to 187 synonymous substitution rate than L6. 188 189 Our finding that Maf L6 has a higher number of fixed SNPs and higher average pairwise SNPs 190 relative to L5 suggests that L6 has diversified more compared to L5 since the emergence of the two 191 lineages 5,28,29 . This observation is corroborated by the higher genome-wide nucleotide diversity of 192 L6 compared to L5. The higher diversity of L6 might be linked to an earlier emergence. However, 193 recent whole genome-based phylogenies rooted on Mycobacterium canettii show that following the 194 branch leading to Maf and all animal-adapted members of the MTBC defined by the characteristic 195 deletion in RD9 30,31 , L5 branches off much earlier than L6 32 . Hence, L5 is ancestral to L6, a notion 196 which is also supported by genomic deletion analyses which show that in addition to RD9, L6 and 197 all the animal-adapted members of the MTBC harbor the deletions of RD7, RD8 and RD10 30 . 198 Hence other factors are likely to account for the higher diversity of L6 compared to L5 in Ghana. 199
200
Maf is highly restricted to West Africa, and thus could be seen as an ecological specialist compared 201 to the other MTBC lineages. Specialists are expected to harbour less diversity across strains 202 compared to generalists 8 . The observed lower genome-wide nucleotide diversity of L5 hence 203 supports the hypothesis that L5 might be a specialist maintained in West Africa by adaptation to 204 specific human genotypes. In contrast, the higher genome-wide diversity of L6 indicates a displaying restriction to West Africa 4,8 . The observed diversity of L6 therefore may indicate a 207 pathogen with a wider host range, supporting the hypothesis of maintenance in West Africa by 208 possible environmental or zoonotic reservoir(s). Alternatively, the higher diversity of L6 coupled 209 with the higher number of fixed SNPs could mean that it has a higher intrinsic mutation rate 210 compared to L5. 211 212 Even though 90% of T cell epitopes were highly conserved in both L5 and L6 ( Fig 5) , which is in 213 line with previous reports for the whole MTBC 26,8,33 , we found T cell epitopes in L5 to exhibit less 214 nucleotide diversity and to be under purifying selection compared to L6. The purifying selection of 215 mutations within L5 is comparable to that reported for the specialist sub-lineages of L4 8 . 216
Interestingly, dN/dS within essential genes for survival in macrophages did not differ between L5 217 and L6 (Supplementary Figure S3 ) supporting the notion that the genes in this category perform key 218 functions in both L5 and L6. Since T cell response might partially drive the pathogenesis of TB 34 , 219 the relative conservation of T cell epitopes in L5 indicate that it might elicit a more efficient T cell 220 response compared to L6 in its particular host population. This therefore suggests L5 may be a more 221 human-specific pathogen and L6, with significantly more diverse T cell epitopes, a potential 222 opportunistic environmental or zoonotic pathogen. Even though the conserved T cell epitopes of L5 223 could account for geographical restriction to West Africa and the association with the Ewe 224 ethnicity 1,4,9,12 , we found no difference between the diversity of L5 isolated from TB patients of 225 Mycobacterium africanum strains were revived by sub-culturing on Lowenstein Jensen (LJ) slants; 528 one supplemented with 0.4% sodium pyruvate the other with glycerol to enhance the growth of 529
Lineage 5 and Lineage 6 strains of respectively. The cultures were incubated at 37 °C and 530 monitored regularly until growth was observed. When confluence was achieved, five loops full of 531 colonies were fetched into 2 mL cryo-vials containing 1 mL of sterile nuclease-free water, heat-532 inactivated at 98 °C for 60 minutes for DNA extraction using a hybrid DNA extraction protocol 42 . 533
The isolates were confirmed MTBC by PCR amplification of IS6110, genotyped as Maf by large 534 sequence polymorphism (LSPs) detecting region of difference (RD) 9 and 12 43 . Lineage 535 identification was achieved by spoligotyping as previously described 44 tested in human T cell assays, with no major histocompatibility complex (MHC) restrictions and 581 have genomic coordinates in the H37Rv reference strain 32,8 were in silico extracted from the fasta 582 whole genome files and concatenated excluding sequence redundancy using customized bash 583 algorithms. Complementary sequences of epitopes encoded by the reversed strand were first 584 transcribed before the concatenation to have all the sequences in the same direction. In addition, 585 MTBC genes of other seven functional categories namely those encoding regulatory proteins 586 (regprot; 196), genes involved with lipid metabolism (limpet; 267), genes involved with 587 intermediate metabolism (intmedres; 917), genes involved with virulence, detoxification and 588 adaptation (virdetad; 216), genes involved with information pathways (infopath; 234), genes 589 involved with cell wall and cell processes (cwallproc; 768) and genes essential for growth in
